INTRODUCTION
Forced swimming test (FST) is composed of a 15-min pretest swim and a 5-min test swim 24 h later [1] , and rodents subjected to the pretest swim exhibit increased immobility in the subsequent test swim. Treatment with antidepressant, known to exert their effects by blocking the reuptake of serotonin and/or norepinephrine at nerve terminals [2] , after the pretest swim reduces immobility during the test swim. Because of these reasons, FST has been commonly used for screening antidepressant efficacy [3] and studying mechanisms of antidepressant actions [4] . However, at present, much is not known about the neuronal circuits selectively recruited by antidepressant.
One of the possible markers to investigate the neuronal circuits involved with antidepressant effect in the FST may be c-Fos. Since c-Fos is an immediate early gene and rapidly induced by external stimuli in relevant brain areas, c-Fos has been widely used as a marker for neuronal activation and to explore the neuronal circuits affected by external stimuli. Growing evidence has been shown that forced swimming or antidepressant treatment elicits c-Fos expression in brain regions implicated with depression, including the medial prefrontal cortex, nucleus accumbens, hippocampus, lateral septum, bed nucleus of the stria terminalis, hypothalamic paraventricular nucleus, central nucleus of the amygdala, raphe nucleus, locus ceruleus, and periaqueductal gray [5] [6] [7] . In addition, antidepressant treatment blunts the forced swimming induced expression (B) one set of rats was injected with 0.9% saline (SAL, 1 ml/kg, i.p.), desipramine (DMI, 15 mg/kg/ml, i.p.), or citalopram (CIT, 10 mg/kg/ml, i.p.) according to the antidepressant treatments schedule (0.5 h, 19 h, and 23 h after the pretest swim), but not exposed to the pretest swim. (C) another set of rats was treated with saline, desipramine or citalopram after the pretest swim according to the antidepressant treatments schedule. Behaviorally naïve rats not exposed to the forced swimming and antidepressant served as baseline controls (CON) for each set. All rats were sacrificed 1 h after the last antidepressant or saline injection. Abbreviations used: SAL, saline-treated rats not exposed to the pretest swim; DMI, desipramine-treated rats not exposed to the pretest swim; CIT, citalopram-treated rats not exposed to the pretest swim; pTS+SAL, pretest swim-exposed, saline-treated rats; pTS+DMI, pretest swim-exposed, desipramine-treated rats; pTS+CIT, pretest swim-exposed, citalopram-treated rats. of c-Fos in some brain areas [5, 8] .
Interestingly, these studies usually assessed the antidepressant effect on the changes in c-Fos expression after the test swim of FST. Accordingly, there is paucity of studies delineating the alterations in c-Fos expression by antidepressant before test swim. Considering that c-Fos acts as a transcription factor and could be involved in neuroplastic changes, it is plausible that changes in c-Fos expression before the test swim of FST are more likely related to antidepressant effect observed in the FST. Moreover, it is unclear whether antidepressants with different mechanisms of action elicit c-Fos expression in a common or distinct neural circuits. To answer this question, we injected desipramine or citalopram 0.5 h, 19 h, and 23 h after the pretest swim and observed changes in c-Fos expression in rat brain before the test swim, namely 24 h after the pretest swim. Desipramine and citalopram are reported as highly selective reuptake inhibitors of norepinephrine and serotonin, respectively [9] .
METHODS

Animals
Male Sprague-Dawley rats (weight 280∼300 g, Orient, Seoul, Korea) were adapted to experimental condition for a week. Rats were housed two per cage under standard conditions at 21∼22 o C, with a 12-h light/dark cycle (lights on at 6:00 am), and food and water were given ad libitum. Rats were daily handled for 2∼3 min before experiment to reduce nonspecific stress. All the procedures used in this study were consistent with the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (National Research Council 2003).
Forced swim test (FST)
The FST procedure is composed of two forced swimming sessions as previously described [10, 11] . In this experiment, rats were separately placed in a clear Plexiglas cylinder home cages (Fig. 1) .
Drug administration paradigm
Desipramine (Tocris; 15 mg/kg/ml, i.p.) or citalopram (kindly donated by H. Lundbeck A/S, Copenhagen, Denmark; 10 mg/kg/ml, i.p.) was administered at 0.5 h, 19 h, and 23 h after the pretest swim [4, 11, 12] . The doses of antidepressant in the present experiment have been shown to be effective in reducing the immobility during the test swim of FST [11, 13] . Vehicle control rats were administered saline (1 ml/kg, i.p.).
Tissue preparation and Fos immunohistochemistry
At the end of the forced-swim test, rats were given an overdose of sodium pentobarbital (100 mg/kg, i.p.) and perfused intracardially with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.2 (PPB) and stored in 20% sucrose. Serial coronal sections (30 μm) were prepared by using a freezing microtome (Microm International GmbH, Walldorf, Germany), and stored in a cryoprotectant [30% RNase free sucrose, 30% ethylene glycol, and 1% polyvinylpyrrolidone (PVP-40) in 100 mM PPB, pH 7.4] at -20°C until required. Sections were first incubated in rabbit anti-c-Fos (Ab-5, 1：10,000, Calbiochem, La Jolla, CA) for 48 h at 4°C. After a thorough rinse in PBS, sections were rinsed again and were incubated with biotinylated goat anti-rabbit IgG (1：500, Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature. After several rinses, sections were incubated in avidin-biotin-peroxidase complex (1：250, Vector Laboratories, USA) for 1 h at room temperature. Moreover, sections were reacted in diaminobenzidine solution containing 0.3% H2O2. Sections were then mounted, dried, and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA, USA). Images of brain sections were captured by a DP72 camera (Olympus Optical, Tokyo, Japan) mounted on an Olympus BX-51 microscope (Olympus Optical, Tokyo, Japan).
Data analysis
Fos-immunolabeled profiles from each brain region were quantified bilaterally from at least two sections per rat and averaged [14] . Regions of interest were selected according to the stereotaxic atlas of Paxinos and Watson [15] (Paxinos & Watson 1998) (Fig. 2) . The mean densities in each brain area of interest were measured with known standard value using the Image J analysis program (version 1.43q, NIH, USA) by constructing a third degree polynomial calibration curve. By using the Image J analysis program, the number of c-Fos-like immunoreactive was counted according to two criteria, threshold grey values and a limited cellular diameter [16] .
Statistical analyses
Statistical significance of data with equal variances was assessed by one-way analyses of variance (ANOVAs) followed by post hoc Fisher's least significant difference (LSD) test and significance was accepted for p-values less than 0.05. Statistical significance of data with unequal variances was assessed by nonparametric Kruskal-Wallis test and post hoc Mann-Whitney U test; significant p-values denote comparisons surviving Bonferroni correction (*p＜0.05/6= 0.00833; ***p＜0.001/6=0.00016). The quantitative data are reported as means±the standard errors of the means (S.E.M.).
RESULTS
Effects of antidepressants on the pretest swim-induced changes in c-Fos expression in the ventral lateral septum
Treatment with either desipramine or citalopram alone in the absence of pretest swim did not alter the number Fig. 1 . The results obtained with antidepressant or saline treatments alone (upper left) or in combination with prior exposure to pretest swim (upper right) are presented as bar graphs. Significant differences among groups were determined by the nonparametric Kruskal-Wallis ANOVA followed by post hoc Mann-Whitney U test with Bonferroni correction (*p＜0.00833 and ***p＜0.00016 vs. CON; ### p＜0.00016 vs. pTS+SAL). Representative images at ×100 magnification show c-Foslike immunoreactivity in the dorsolateral bed nucleus of stria terminalis from rats with antidepressant or saline treatments alone (lower left) or in combination with prior exposure to pretest swim (lower right). Abbreviations used are the same as in Fig. 1 . of c-Fos-like immunoreactive cells in the ventral lateral septum compared with naïve and vehicle control not previously exposed to pretest swim (Fig. 3, upper left) . Both desipramine (+158% vs. CON) and citalopram treatment (+204.3% vs. CON) after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells before the test swim, namely 24 h after the pretest swim, compared with naïve control and vehicle control (Fig. 3 , lower left). There was a tendency towards an increase in the number of c-Fos-like immunoreactive cells in vehicle control (+37.8% vs. CON), but it did not reach a significance (Fig. 3, lower left) . 
Effects of antidepressants on the pretest swim-induced changes in c-Fos expression in the central nucleus of the amygdala
Citalopram treatment alone in the absence of pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the central nucleus of the amygdala (+1,469.4% vs. CON), while treatment with either saline or desipramine alone had no effect on the number of c-Fos-like immunoreactive cells (Fig. 4, upper left) . Citalopram treatment after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells (+1,170.7% vs. CON) before the test swim. This increase was also observed after the treatment with either saline (+310.8% vs. CON) or desipramine (+195.8% vs. CON), although the magnitude of increase is profoundly smaller than that induced by citalopram (Fig. 4, lower left) .
Effects of antidepressants on the pretest swim-induced changes in c-Fos expression in the dorsal bed nucleus of the stria terminalis
Citalopram treatment alone in the absence of pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the dorsal bed nucleus of the stria terminalis (+640.8% vs. CON), while treatment with either saline or desipramine alone had no significant effect on the number of c-Fos-like immunoreactive cells (Fig. 5, upper  left) . Citalopram after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells before the test swim (+1,350.0% vs. CON) compared with naïve and vehicle control (Fig. 5, upper right) . The increase was also observed after desipramine treatment (+157.4% vs. CON), but the magnitude of increase is profoundly smaller than that induced by citalopram (Fig. 5, upper  right) .
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Effects of antidepressants on the pretest swim-induced changes in c-Fos expression in the ventrolateral periaqueductal gray
Antidepressant or saline treatment alone in the absence of pretest swim had no significant effect on the number of c-Fos-like immunoreactive cells in the ventrolateral periaqueductal gray (Fig. 6, upper left) . Both desipramine (+36.1% vs. CON) and citalopram treatment (+85.7% vs. CON) after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells before the test swim compared with naïve and vehicle control (Fig. 6, lower  left) .
Effects of antidepressants on the pretest swim-induced changes in c-Fos expression in the prelimbic area, nucleus accumbens, and ventral bed nucleus of the stria terminalis
Without an exposure to the pretest swim, there was only a nonsignificant tendency towards an increase in the number of c-Fos-like immunoreactive cells after the treatment with either saline, desipramine, or citalopram in the prelimbic area, nucleus accumbens core and shell, as well as ventral bed nucleus of the stria terminalis, except for the group with citalopram treatment in the ventral bed nucleus of the stria terminalis in which a significant increase was noted (Table 1 ). In contrast, treatment with either saline, desipramine or citalopram after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the prelimbic area, nucleus accumbens core and shell, as well as ventral bed nucleus of the stria terminalis before the test swim (Table 1) .
DISCUSSION
The results of the present study demonstrate that citalopram treatment alone in the absence of the pretest swim significantly increases the number of c-Fos-like immunoreactive cells in the central nucleus of the amygdala and bed nucleus of the stria terminalis, where this pattern of increase appears to be maintained after the pretest swim. Both desipramine and citalopram treatment after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the ventral lateral septum and ventrolateral periaqueductal gray before the test swim. These results suggest that citalopram may affect c-Fos expression in the central nucleus of the amygdala and bed nucleus of the stria terminalis distinctively and raise the possibility that upregulation of c-Fos expression in the ventral lateral septum and ventrolateral periaqueductal gray before the test swim may be one of the probable common mechanisms underlying antidepressant effect in the FST.
Lateral septum
Although there was only a tendency towards an increase in the number of c-Fos-like immunoreactive cells in the ventral lateral septum before the test swim, namely 24 h after the pretest swim, in the present study, another shows that c-Fos expression is increased in the lateral septum 2 h after the test swim of FST [5] . Moreover, desipramine or citalopram treatment alone had no effect on the number of c-Fos immunoreactive cells in the ventral lateral septum, but this result is in contrast to previous finding that acute treatment with antidepressants (fluoxetine, imipramine, and mirtazapine) significantly decreases c-fos mRNA expression within the septum in non-stressed rats [17] . The discrepancy from previous studies is likely to reflect the difference in the time elapsed after the swimming (24 h after the pretest swim in our study vs. 2 h after the test swim), a number of antidepressant treatment before observation (three times injection in our study vs. a single injection), or analytical detection method (protein vs. mRNA). In addition, the tendency towards an increase in the number of c-Fos-like immunoreactive cells 24 h after the pretest swim was significantly potentiated by desipramine and citalopram treatment.
Previous studies point to a key role for the lateral septum in modulating stress coping behaviour [18] [19] [20] . For example, bilateral lesions of lateral septum by ibotenic acid in rats show an increase in floating and decrease in struggling/swimming behavior in the FST indicative of a more passive coping behavior [19] . Moreover, c-Fos expression in the lateral septum is significantly reduced in rats showing a behavioral despair in learned helplessness paradigm, an animal model of depression [20] . In this context, and based on the ability of desipramine and citalopram to induce c-Fos expression in the lateral septum, it is conceivable that elevated c-Fos expression in the ventral lateral septum could be involved in the active coping behavior such as swimming and climbing in the FST, an effect commonly observed by antidepressant. The potential beneficial role for increased c-Fos expression in the lateral septum in stress coping behavior is consistent with the previous finding that treatment with cannabinoid receptor 1 (CB1) antagonist (SR141716) prior to acute restraint stress produces a significant increase in c-Fos expression in the lateral septum which appears to be in parallel with an enhancement of escape behavior during the restraint stress [18] . Interestingly, SR141716 is also known to increase active behavior in the mouse FST [21] . Considering together, these results suggest that the ventral lateral septum may be a neural substrate for antidepressant effect in the FST and elevated c-Fos expression in the ventral lateral septum could facilitate active coping behavior in the FST.
Central nucleus of the amygdala
In the present study, citalopram treatment alone in the absence of pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the central nucleus of the amygdala, while treatment with either saline or desipramine alone had no effect. The increase in the number of c-Fos-like immunoreactive cells after treatment with citalopram is in agreement with the previous study showing that fluoxetine and citalopram significantly increase c-Fos expression in the central nucleus of the amygdala [22, 23] . In contrast to the lack of effect of desipramine treatment in the present study, single administration of desipramine significantly increases c-Fos expression in the central nucleus of the amygdala [22] . This discrepancy presumably relates to the difference in the number of desipramine administration. Saline treatment after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the central nucleus of the amygdala, and similar increase in c-Fos expression 2 h after the test swim is reported in diverse brain regions including amygdala [7] .
This result suggests that a 15-min pretest swim exerts a rather long-term influence on c-Fos expression in the central nucleus of the amygdala. Interestingly, although both desipramine and citalopram treatment increased the number of c-Fos-like immunoreactive cells in the central nucleus of the amygdala, it appears that each degree of increase by the treatment with desipramine, citalopram, or saline did not differ either in the presence of or in the absence of the pretest swim. These results suggest that antidepressant appears not to alter the degree of increase in c-Fos expression in response to the pretest swim.
It is well documented that the central nucleus of the amygdala is implicated in many aspects of fear and anxiety [24, 25] . Therefore, it is possible that elevated c-Fos expression in the central nucleus of the amygdala may be involved, in part, with the anxiogenic effect of antidepressant, an adverse experience often occurs shortly after acute treatment with selective serotonin reuptake inhibitors [26] [27] [28] . This possibility is substantiated by the finding that c-Fos expression in the central nucleus of the amygdala and other brain areas is induced by several known anxiogenic drugs [29] . However, it should be pointed out that anxiogenic effect of selective serotonin reuptake inhibitors appears to be more related to c-Fos expression in the locus ceruleus [30] and also that c-Fos expression in the central nucleus of the amygdala could be induced by other psychotropic drugs such as diazepam, haloperidol, and clozapine [23] . These results suggest that c-Fos induction in the central nucleus of the amygdala may not be specific for the selective serotonin reuptake inhibitors, and anxiogenic effect by selective serotonin reuptake inhibitors could be attributed to the elevated c-Fos induction in the locus ceruleus. In addition, given that desipramine and citalopram did not alter the degree of increase in the pretest swim-induced c-Fos expression in the central nucleus of the amygdala, these results suggest that increased c-Fos expression in the central nucleus of the amygdala before the test swim may not play an important role in the antidepressant effect during the test swim.
Bed nucleus of the stria terminalis
In the present study, citalopram treatment alone in the absence of pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the dorsal bed nucleus of the stria terminalis, but desipramine treatment was without effect. Both desipramine and citalopram treatment after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells, but the magnitude of increase by citalopram is far greater than that by desipramine. The increase in c-Fos expression after citalopram treatments is in agreement with previous studies showing that different types of selective serotonin reuptake inhibitors such as fluvoxamine [31] , citalopram [32, 33] , fluoxetine [34] significantly increase c-Fos expression in the dorsal bed nucleus of the stria terminalis. Similar absence of changes in c-Fos expression in the dorsal bed nucleus of the stria terminalis for desipramine was reported previously [23] . However, no significant changes in the number of c-Fos-like immunoreactive cells after the pretest swim are inconsistent with the results of other studies in which forced swimming significantly increases c-Fos expression in the dorsal bed nucleus of the stria terminalis [7, 35] . This discrepancy could be explained by the time elapsed after the forced swimming, since the forced swimming-induced increase in c-Fos expression is usually observed ∼2 h after the forced swimming [7, 35] , but not 24 h after the pretest swim as in the present study.
It is well known that the bed nucleus of the stria terminalis is involved with the expression of fear, stress, and anxiety [36] . Moreover, bed nucleus of the stria terminalis is supposed to play an important role in the FST, because transient inactivation of bed nucleus of the stria terminalis by microinjection of cobalt chloride shows antidepressantlike effect in the FST [37] . Considering that both desipramine and citalopram significantly increased c-Fos expression in the dorsal bed nucleus of the stria terminalis, although the degree of increase is different, elevated number of c-Fos-like immunoreactive cells in the dorsal bed nucleus of the stria terminalis before the test swim could exert a beneficial effect during the test swim of FST. However, recent study showed that fluoxetine and venlafaxine treatments, similar to our antidepressant injection schedule, significantly blunt the increase in c-Fos expression in the bed nucleus of the stria terminalis 2 h after the test swim [7] . Although differences in the time of sacrifice after forced swimming (before or after the test swim) and antidepressants used could explain the discrepant results, it is not clear at present what the role of c-Fos in the bed nucleus of the stria terminalis in the FST. Additional work will be necessary to identify the role of c-Fos in the bed nucleus of the stria terminalis.
Periaqueductal gray
The PAG is known to be a brain area that initiates active or passive emotional coping behavior depending on the type of stressor (escapable or inescapable) [38] . Distinct longitudinal portions of neurons (dorsomedial, dorsolateral, lateral, ventrolateral) in the PAG are engaged in differential emotional coping strategy, and growing evidence indicates that dorsolateral/lateral and ventrolateral PAG are involved in active and passive coping behavior, respectively [38, 39] . Since FST is a type of stress elicited by an exposure to inescapable environment and immobility observed in the FST is regarded either as the development of passive coping behavior or a failure of escape-directed behavior [3] , PAG is supposedly involved in immobility behavior in the FST [40, 41] . In the current study, saline treatment after the pretest swim showed a nonsignificant increase in the number of c-Fos immunoreactive cells in the ventrolateral PAG, but not in other portions of PAG, while previous studies have shown that forced swimming induces c-Fos expression in the most portions of PAG [41, 42] . The discrepancy from previous studies may reflect the difference in the time point of observation in that we observed changes in c-Fos expression 24 h after the pretest swim, not 2 h after forced swimming reported in previous studies [41, 42] . Notably, the tendency towards an increase in c-Fos expression in the ventrolateral PAG after the pretest swim was significantly enhanced by desipramine and citalopram treatment, although treatment with desipramine or citalopram alone was without effect. In contrast to our results, antidepressant treatments over 24 h after the pretest swim significantly ameliorate the swimming-induced increase in c-Fos expression in the PAG [41] . This disparity may be also attributed to the difference in the time point of observation, as noted above [41] .
Given that ventrolateral PAG is closely linked to passive emotional coping behavior in response to inescapable stres-sor such as FST, it is likely that elevated c-Fos expression in the ventraolateral PAG by desipramine and citalopram would facilitate passive emotional coping behavior such as immobility. In parallel with this proposition, previous study showed that neuronal activation in the dorsal PAG by local administration of glutamate increases the latency to immobility, an effect similar to antidepressant [40] . However, same author [41] demonstrated that c-Fos expression particularly in the dorsolateral PAG is positively correlated with the immobility during the test swim, suggesting that neuronal activation in the dorsolateral PAG may promote passive coping behavior. This result raises the possibility that anatomical classification of PAG into the dorsolateral and ventrolateral portion does not necessarily imply increased propensity to adopt active and passive emotional coping behavior, respectively. In this regard, it is noteworthy that repeated inescapable stress in mice significantly increased ΔFosB in the ventrolateral PAG and this increase is inversely correlated with the degree of escape deficit after inescapable stress [43] . Similar increase in ΔFosB in the ventrolateral PAG is observed after repeated social defeat paradigm, an animal model sensitive to antidepressant treatment and there is also a negative relationship between the level of ΔFosB and the individual degree of escape deficit [43] . Taken together, although the role of increased c-Fos expression in the ventrolateral PAG by desipramine and citalopram is not clear at present, these results suggest a preferential involvement of ventrolateral PAG in the neuroplastic changes and antidepressant effect before the test swim, and also raise the possibility that the increase in c-Fos expression in the ventrolateral PAG could contribute, in part, to antidepressant-mediated reduction in immobility in the FST, as demonstrated by the role of induction of ΔFosB in the ventrolateral PAG for the development of resilience to inescapable stress. Further research will be necessary to elucidate the role of c-Fos induction in the ventrolateral PAG.
Other brain areas (prelimbic area, nucleus accumbens core and shell, and ventral bed nucleus of the stria terminalis)
Treatment with either saline, desipramine or citalopram after the pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the prelimbic area, nucleus accumbens core and shell, as well as ventral bed nucleus of the stria terminalis before the test swim, but only citalopram treatment alone in the absence of the pretest swim significantly increased the number of c-Fos-like immunoreactive cells in the ventral bed nucleus of the stria terminalis. These results suggest that these brain areas could be activated in response to forced swimming, and a trend towards an increase is rather long-lasting until before the test swim. However, antidepressant treatment significantly alters the pretest swim-induced changes in c-Fos expression, although there are some significant differences among groups. These results raise the possibility that prelimbic area, nucleus accumbens and ventral bed nucleus of the stria terminalis may not play an important role in antidepressant action in the FST.
The results of the present study demonstrate that citalopram treatment alone in the absence of the pretest swim distinctively increased c-Fos expression in the central nucleus of the amygdala and bed nucleus of the stria terminalis. Although both desipramine and citalopram treatment per se had no significant effect on c-Fos expression in the ventral lateral septum and ventrolateral periaqueductal gray, both antidepressant treatment after the pretest swim significantly increased c-Fos expression in these brain areas before the test swim. Considering together, the present results suggest that citalopram may affect c-Fos expression in the central nucleus of the amygdala and bed nucleus of the stria terminalis distinctively and raise the possibility that upregulation of c-Fos expression in the ventral lateral septum and ventrolateral periaqueductal gray before the test swim may be one of the probable common mechanisms underlying antidepressant effect in the FST.
